Muramyl dipeptide (MDP) is a peptidoglycan moiety derived from commensal and pathogenic bacteria, and a ligand of its intracellular sensor NOD2. Mutations in NOD2 are highly associated with Crohn disease, which is characterized by dysregulated inflammation in the intestine. However, the mechanism linking abnormality of NOD2 signaling and inflammation has yet to be elucidated. Here we show that transforming growth factor ␤-activated kinase 1 (TAK1) is an essential intermediate of NOD2 signaling. We found that TAK1 deletion completely abolished MDP-NOD2 signaling, activation of NF-B and MAPKs, and subsequent induction of cytokines/chemokines in keratinocytes. NOD2 and its downstream effector RICK associated with and activated TAK1. TAK1 deficiency also abolished MDP-induced NOD2 expression. Because mice with epidermisspecific deletion of TAK1 develop severe inflammatory conditions, we propose that TAK1 and NOD2 signaling are important for maintaining normal homeostasis of the skin, and its ablation may impair the skin barrier function leading to inflammation.
Animals are constantly exposed to microorganisms present on the skin and in the gastrointestinal tract. Detecting microorganisms and activating host immune systems to prevent their invasion are crucial for animal survival. The innate immune system, the first line of defense against invading microbial pathogens, uses pattern recognition receptors such as Toll-like receptors (TLRs) 2 to recognize microorganisms or their products on the cell membranes (1, 2) . In addition to TLRs, there is increasing evidence that intracellular recognition of bacteria is equally important in innate immune responses (3, 4) . NOD-like receptors are a family of cytosolic proteins that are involved in the recognition of intracellular bacteria (3, 4) . NOD2 is a member of the NOD-like receptors protein family that contains a caspase recruitment domain (CARD) in the N-terminal region, a nucleotide-binding and oligomerization domain (NOD) in the central region, and leucine-rich repeats in the C terminus (3) (4) (5) . NOD2 senses muramyl dipeptide (MDP), the minimal peptidoglycan motif common to both Gram-positive and -negative bacteria, via the leucine-rich repeat domain (6, 7) . Upon MDP stimulation, NOD2 is oligomerized via the central nucleotide-binding and oligomerization domain and recruits RICK, a serine/threonine kinase carrying a caspase recruitment domain at its C terminus, through CARD-CARD interactions (8 -11) . The induction of NOD2-RICK signaling leads to activation of proinflammatory transcription factors such as NF-B and AP-1 (5, 8, 11) . Studies using mice deficient in RICK have revealed that this kinase is essential for eliciting innate immunity in response to MDP (12) . RICK has been also reported to function as a scaffold protein bringing NOD2 and IB kinase (IKK) into close proximity (13) and to mediate ubiquitination of NEMO/ IKK␥, a key component of NF-B signaling complex (14) . However, the exact molecular mechanism by which NOD2-RICK activates IKK-NF-B and MAPK pathways remains undefined.
Initial studies revealed that NOD2 expression was restricted to monocytes/macrophages (5) . However, additional studies showed that NOD2 is also expressed in several epithelial cells including enterocytes (15) and keratinocytes (16) . Both enterocytes and keratinocytes are normally exposed to commensal bacteria, and they are activated by bacterial components including MDP (16, 17) . Upon stimulation, enterocytes and keratinocytes produce antibacterial peptides as well as many cytokines/chemokines to recruit and activate immune cells in the intestine and skin, thereby preventing bacterial invasion and proliferation (17, 18) . Loss-of-function mutations of NOD2 are highly correlated with susceptibility of Crohn disease, a subtype of inflammatory bowel disease that is characterized by chronic inflammation in the intestine (19, 20) . The mechanism by which ablation of MDP-NOD2 signaling can enhance inflammation in vivo has been a much debated subject (21) (22) (23) . One plausible mechanism is that failure of up-regulation of antimicrobial peptides and/or cytokines/chemokines via MDP derived from commensal bacteria increases susceptibility to bacterial invasion, which may impair the epithelial barrier function and ultimately induce chronic inflammation. However, it has not been established whether loss of NOD2 signaling is causally involved in loss of epithelial barrier function in vivo.
Transforming growth factor ␤-activated kinase 1 (TAK1) is a member of the MAPKKK family and plays an essential role in tumor necrosis factor (TNF), interleukin 1 (IL-1), and TLR signaling pathways (24 -27) . In response to proinflammatory cytokines or TLR ligands, TAK1 is recruited to TNF receptor-associated factors (TRAFs) and TAK1-binding proteins, which serve as adaptor proteins, and TAK1 in turn phosphorylates and activates IKKs as well as MAPKKs, which subsequently activate the MAPKs JNK and p38. These pathways ultimately activate transcription factors NF-B and AP-1. Besides its well established role in proinflammatory cytokines and TLR signaling, TAK1 is also reported to be involved in NOD2 signaling (28) . TAK1 interacts with NOD2, and overexpression of dominant negative TAK1 inhibits NOD2-induced NF-B activation. Recently, Windheim et al. (29) reported that TAK1 is important for MDP signaling by using a selective inhibitor of TAK1 as well as using TAK1 knock-out embryonic fibroblasts. However, the physiological roles of TAK1 in NOD2 signaling remain to be elucidated.
In this study, we determined the role of TAK1 in NOD2 signaling by utilizing TAK1 FL/FL (floxed) and ⌬/⌬ (knock-out) keratinocytes generated by the Cre-LoxP system (30) . We found that NOD2-induced innate immune responses are completely abolished in TAK1 ⌬/⌬ cells and that TAK1 was activated upon stimulation of the MDP-NOD2-RICK pathway. In addition, we found that ablation of TAK1 blocked MDP-induced up-regulation of NOD2. Our results indicate that TAK1 is not only an essential downstream molecule of NOD2-RICK signaling but also is involved in the regulation of NOD2 expression.
EXPERIMENTAL PROCEDURES
Cells-TAK1 FL/FL and ⌬/⌬ keratinocytes were isolated from TAK1 FL/FL and epidermis-specific TAK1 deletion mice described in our previous publication (30) . Spontaneously immortalized keratinocytes derived from the skin of postnatal day 0 -2 mice were cultured in Ca 2ϩ -free minimal essential medium (Sigma) supplemented with 4% Chelex-treated bovine growth serum, 10 ng/ml human epidermal growth factor (Invitrogen), 0.05 mM calcium chloride, and 1% penicillin/streptomycin at 33°C in 8% CO 2 . Human embryonic kidney 293 and human colorectal adenocarcinoma HT-29 cells were cultured in Dulbecco's modified Eagle's medium containing 10% bovine growth serum (HyClone). 293 cells were transfected by the standard calcium phosphate precipitation method.
Antibodies, Plasmids, and Reagents-Anti-NF-B p65 (F-6), anti-NF-B p50 (H-119), anti-NF-B p52 (K-27), anti-IKK␣ (H-744), anti-IKK␣/␤ (H-470), JNK (FL), anti-p38 (N-20) and anti-RICK (H-300) antibodies were purchased from Santa Cruz Biotechnology. Antibodies to phosphorylated JNK, phosphorylated p38, and phosphorylated TAK1 (Thr-187) were purchased from Cell Signaling Technology. Anti-FLAG (Sigma) and Anti-HA (Covance) were used. Anti-TAK1 was described previously (24) . Anti-human NOD2 affinity-purified rabbit polyclonal antibody was produced by immunizing a peptide DEEERASVLLGHSPGE (amino acids 11-26 of human NOD2). Human NOD2 cDNAs were subcloned to pCMV-HA vector. FLAG-tagged RICK plasmids were described previously (20) . pMX-puro-TAK1, -NOD2, and -RICK were generated by inserting the cDNAs into the pMX-puro vectors (31) . MDP-LD, MDP-LL, and lipopolysaccharide (LPS) were purchased from Sigma.
Real-time PCR Analysis-Total RNA was prepared from cultured keratinocytes using the RNeasy Protect mini kit (Qiagen). To obtain cDNA, 200 ng of each RNA samples were reverse transcribed using TaqMan reverse transcription reagents (Applied Biosystems). Real-time PCR analysis was performed using the ABI PRISM 7000 sequence detection system. An Assays-on-Demand gene expression kit (Applied Biosystems) was used for detecting the expression of MIP2, TNF, and NOD2. All samples were normalized to the signal generated from glyceraldehyde-3-phosphate dehydrogenase.
Immunoprecipitation and Immunoblotting-Cells were washed once with ice-cold phosphate-buffered saline, and whole cell extracts were prepared using lysis buffer (20 mM HEPES, pH 7.4, 150 mM NaCl, 12.5 mM ␤-glycerophosphate, 1.5 mM MgCl 2 , 2 mM EGTA, 10 mM NaF, 2 mM dithiothreitol (DTT), 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, 20 M aprotinin, 0.5% Triton X-100). For coprecipitation assay, cell lysates were immunoprecipitated with 1 g of various antibodies and 15 l of protein G-Sepharose (GE Healthcare). The immunoprecipitates were washed three times with washing buffer (20 mM HEPES, 10 mM MgCl 2 , 500 mM NaCl), resuspended in 2ϫ SDS sample buffer, and boiled. For detecting endogenous interaction between TAK1 and RICK, HT-29 cells were resuspended in hypotonic buffer (20 mM HEPES-KOH, 10 mM KCl, 1 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM DTT, pH 7.5) supplemented with protease inhibitors (10 mM NaF, 1 mM phenylmethylsulfonyl fluoride, and 20 M aprotinin). Resuspended cells were lysed by passing through a 22-gauge needle 10 times and adding an equivalent volume of hypotonic buffer containing 0.1% Nonidet P-40 and 300 mM NaCl. Cell lysates were immunoprecipitated with 1.5 g of control IgG or anti-RICK antibody. For immunoblotting, the immunoprecipitates or whole cell extracts were resolved on SDS-PAGE and transferred to Hybond-P membranes (GE Healthcare). The membranes were immunoblotted with various antibodies, and the bound antibodies were visualized with horseradish peroxidase-conjugated antibodies against rabbit or mouse IgG using the ECL Western blotting system (GE Healthcare).
Electrophoretic Mobility Shift Assay (EMSA)-Whole cell extracts were prepared from keratinocytes stimulated with MDP for indicated time points.
32 P-Labeled NF-B oligonucleotides (Promega) were used for generating radiolabeled probe. 30 g of whole cell extracts were incubated with radiolabeled probe, 4% glycerol, 1 mM MgCl 2 , 0.5 mM EDTA, 0.5 mM DTT, 50 mM NaCl, 10 mM Tris-HCl (pH 7.5), 500 ng of poly(dI⅐dC) (GE Healthcare), and 10 g of bovine serum albumin in a final volume of 20 l for 20 min and subjected to electrophoresis on a 4% (w/v) polyacrylamide gel. For supershift assay, the whole cell extracts were incubated with 2 g of NF-B antibodies or control IgGs for 15 min prior to the addition of the labeled probe.
In Vitro Kinase Assay-IKK complex was immunoprecipitated with anti-IKK␣, and the immunoprecipitates were incu-bated with 5 Ci of [␥-
32 P]ATP (3,000 Ci/mmol) and 1 g of bacterially expressed GST-IB in 10 l of kinase buffer containing 10 mM HEPES (pH 7.4), 1 mM DTT, and 5 mM MgCl 2 at 30°C for 30 min. Samples were then separated by 10% SDS-PAGE and visualized by autoradiography.
Retroviral Infection-To obtain retrovirus carrying TAK1, NOD2, and RICK, EP2-293 cells (BD Biosciences) were transiently transfected with retroviral vectors, pMX-puro-TAK1, -NOD2, and -RICK. After a 48-h culture, growth medium containing retrovirus was collected and centrifuged at 1000 rpm for 10 min to remove packaging cells. Keratinocytes were incubated with the collected virus-containing EP2-293 medium with 8 g/ml Polybrene for 24 h. Uninfected cells were removed by puromycin selection.
RESULTS

MDP-mediated Innate Immune
Response Is Impaired in TAK1 ⌬/⌬ Keratinocytes-We have previously generated TAK1 ⌬/⌬ keratinocytes in which 37 amino acids, including the ATP binding region of TAK1, were deleted by the Cre-LoxP system resulting in the expression of kinase-dead TAK1 (TAK1 ⌬) (30) . To investigate the role of TAK1 in NOD2-mediated immune responses in epithelial cells, we used these TAK1 ⌬/⌬ and control TAK1 FL/FL keratinocytes as a model system. Keratinocytes were stimulated with MDP (MDP-LD, an active isomer), and the expression of cytokine TNF and chemokine MIP2 (IL-8 in humans) was measured using quantitative real-time PCR. We found that MDP was a potent inducer of cytokines/chemokines in keratinocytes (Fig. 1A) . MDP-induced TNF and MIP2 expression was impaired in TAK1 ⌬/⌬ keratinocytes when compared with that observed in FL/FL keratinocytes (Fig. 1A) . To confirm whether this impairment is caused by TAK1 deletion, we reintroduced wild-type TAK1 in TAK1 ⌬/⌬ cells by infection of retrovirus expressing wild-type TAK1. TAK1 ⌬/⌬ keratinocytes expressed the kinase-dead TAK1 at low levels presumably because of the unstable nature of mutant TAK1. The ectopically introduced TAK1 was expressed at levels similar to those found in TAK1 FL/FL keratinocytes ( Fig. 2A) . Notably, the reintroduction of TAK1 into TAK1 ⌬/⌬ keratinocytes restored MDP-induced proinflammatory cytokine expressions (Fig. 1A) , which demonstrates that TAK1 is essential for MDP-mediated innate immune responses in keratinocytes. To confirm that MDP, but not contaminated bacterial component(s) such as LPS, mediated these responses, we examined the effect of a biologically inactive isomer of MDP, MDP-LL, and LPS on keratinocytes. Even at very high concentration, neither MDP-LL nor LPS induced expression of TNF or MIP2 in control TAK1 FL/FL keratinocytes (Fig.  1B) . These results indicate that TAK1 is an essential intermediate for MDP signaling in keratinocytes leading to innate immune responses.
MDP-induced Activation of NF-B, JNK, and p38
Is Impaired in TAK1 ⌬/⌬ Keratinocytes-To investigate the role of TAK1 in MDP-mediated intracellular signaling pathways, we examined the activation of NF-B and MAPKs in TAK1 FL/FL and ⌬/⌬ keratinocytes. In TAK1 FL/FL keratinocytes, MDP markedly activated NF-B DNA binding after 2-6 h of incubation ( Fig.  2A) , and this was associated with translocation of the NF-B subunit p65 into the nucleus (supplemental Fig. S1 ). In contrast, MDP-induced NF-B activation was not observed in FIGURE 1. MDP-induced expression of cytokine/chemokine in keratinocytes. A, TAK1 FL/FL, ⌬/⌬ keratinocytes, and TAK1 ⌬/⌬ keratinocytes whose TAK1 expression was restored by retroviral infection (TAK1 ⌬/⌬ϩTAK1) were stimulated with increasing concentrations of MDP for 6 h, and then MIP2 and TNF expression was examined by quantitative real-time PCR. mRNA levels were normalized with the levels of glyceraldehyde-3-phosphate dehydrogenase. Relative mRNA levels were calculated using those of untreated TAK1 FL/FL or TAK1 ⌬/⌬ as base lines. Data are means Ϯ S.D. of three independent samples and representative of three independent experiments with similar results. B, TAK1 FL/FL keratinocytes were stimulated with 10 g/ml MDP (MDP-LD, active MDP isomer), MDP-LL (inactive MDP isomer), or LPS (100 g/ml) for 6 h, and the expression of MIP2 and TNF was examined as described above.
TAK1 ⌬/⌬ keratinocytes ( Fig. 2A and supplemental Fig. S1) . Notably, the reintroduction of TAK1 restored the activation of NF-B in TAK1 ⌬/⌬ keratinocytes ( Fig. 2A) . Gel supershift assay revealed that p65 homodimer is a major NF-B complex in MDP-stimulated keratinocytes (Fig. 2B) . To confirm further whether MDP-induced NF-B pathway is TAK1-dependent, we examined activation of IKK by in vitro kinase assay (Fig. 2C) . IKK was activated 2-6 h after MDP stimulation in TAK1 FL/FL keratinocytes, whereas no activation was detected in TAK1 ⌬/⌬ keratinocytes. Activation of JNK and p38 MAPKs was determined by detecting the activated forms of JNK and p38 using phospho-specific antibodies. MDP activated JNK and p38 with a time course similar to that of NF-B activation in control TAK1 FL/FL keratinocytes, but the activation was completely abolished in TAK1 ⌬/⌬ keratinocytes (Fig. 2, D and E) . The reintroduction of TAK1 restored the activation of JNK and p38 (Fig. 2, D and E) . These results demonstrate that TAK1 is essential for the activation of both NF-B and JNK/p38 following MDP stimulation in keratinocytes.
The time course of activation of NF-B, JNK, and p38 in MDP-stimulated keratinocytes was slow compared with that observed in TNF-or IL-1-stimulated cells. They are normally activated within 10 -30 min after TNF or IL-1 treatment and down-regulated afterward (25, 27) . Because MDP strongly induces TNF (Fig. 1) , but not IL-1 (data not shown), one possibility is that MDPinduced TNF may be responsible for this delayed activation. However, we found that MDP could activate NF-B, JNK, and p38 even in TNF receptor knock-out keratinocytes with a time course similar to that observed in wild-type keratinocytes (supplemental Fig. S2 ). Therefore, it is likely that MDP slowly induces TAK1 activation and subsequent downstream events.
NOD2 and RICK Interact with TAK1-Our results indicate that TAK1 is a critical downstream target molecule of the MDP-NOD2-RICK signaling pathway. We examined next whether TAK1 can physically interact with NOD2 and RICK. Earlier studies reported that TAK1 interacts with NOD2 (28). We confirmed that TAK1 was coprecipitated with NOD2 when ectopically expressed in 293 cells (Fig. 3A, left panels) . The reciprocal precipitation assay verified the TAK1-NOD2 interaction (Fig. 3A , right panels). TAK1 and RICK were also ectopically expressed in 293 cells, and the coprecipitation assay revealed that RICK associated with TAK1 (Fig. 3B) . To verify further this interaction under physiological conditions, we examined the association of endogenous TAK1 with RICK in epithelial cells. For this purpose, we used the human colorectal adenocarcinoma cell line HT-29 because we found that HT-29 cells expressed RICK at higher levels than in keratinocytes (data not shown). Endogenous TAK1 was weakly coprecipitated with RICK in HT-29 cells, and the interaction was enhanced by MDP treatment (Fig. 3C) . Thus, TAK1 associates with RICK in epithelial cells, and MDP may enhance the interaction.
NOD2 and RICK Activate TAK1-Although RICK is a kinase, it has been shown that its kinase activity is dispensable for activation of downstream events (32) . This suggests that an unidentified kinase is responsible for phosphorylation of IKKs and MAPKKs leading to activation of NF-B and MAPKs in the NOD2-RICK pathway. TAK1 is a kinase that activates both IKK and MAPKKs in IL-1, TNF, and TLR signaling pathways (24 -26) . Taken together with the results shown above, it is likely that TAK1 is activated by NOD2-RICK and that TAK1 activation mediates both NF-B and MAPK pathways. TAK1 is activated by its autophosphorylation of amino acid residues within its activation loop including Thr-187 (33, 34) . We overexpressed NOD2 or RICK in 293 cells and detected the activated form of TAK1 using phospho-Thr-187 TAK1 antibody. NOD2
FIGURE 2. MDP-induced activation of NF-B and MAPKs in keratinocytes.
A, TAK1 FL/FL, TAK1 ⌬/⌬, and TAK1 ⌬/⌬ϩTAK1 keratinocytes were stimulated with MDP (20 g/ml) for the indicated times. Whole cell extracts were harvested from treated cells, and the NF-B-DNA binding activity was examined by EMSA. p65 immunoblotting (IB) was used for loading control for EMSA. The asterisk indicates a nonspecific band. B, whole cell extracts from TAK1 FL/FL cells 6 h after MDP (10 g/ml) stimulation were incubated with antibodies (Ab) against NF-B family proteins, as well as control mouse or rabbit IgGs (mIgG and rIgG, respectively), and subjected to EMSA. C, whole cell extracts were immunoprecipitated with anti-IKK␣, and the IKK complex was subjected to an in vitro kinase assay using GST-IB as an exogenous substrate. The amount of IKK␣ was analyzed by immunoblotting. D and E, the whole cell extracts used for EMSA were subjected to immunoblotting using phospho-JNK, phospho-p38, JNK, and p38 antibodies. All results are representative of three independent experiments.
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is normally activated by MDP-induced oligomerization, which can be mimicked by overexpression of NOD2 or RICK (5, 8, 9) . We found that overexpression of both RICK wild-type and kinase-dead mutant effectively activated TAK1 (Fig. 4A, lanes  1-3) . NOD2 overexpression also induced TAK1 activation although at weaker levels than RICK (Fig. 4A, lane 4) . To verify whether NOD2 signaling activates TAK1 under physiological conditions, we stimulated TAK1 FL/FL keratinocytes with MDP and tested whether MDP could activate TAK1. We found that TAK1 was activated in keratinocytes after 2-6 h of MDP stimulation (Fig. 4B) . These results indicate that MDP-NOD2-RICK activates TAK1, which leads to subsequent activation of NF-B and MAPK pathways.
NOD2 and RICK Induce Innate Immune Responses in a TAK1-dependent Manner-To verify further that TAK1 is an essential downstream effector of NOD2-RICK signaling, we examined the effect of NOD2 or RICK overexpression on cytokine/chemokine expression in TAK1 FL/FL and ⌬/⌬ keratinocytes. To overexpress NOD2 and RICK in keratinocytes, we generated retroviruses expressing the puromycin-resistant gene together with NOD2 or RICK gene. TAK1 FL/FL and ⌬/⌬ keratinocytes were infected with the retroviruses, and pools of keratinocytes expressing NOD2 or RICK were selected by puromycin. Overexpression of either NOD2 or RICK up-regulated expression of MIP2 and TNF in TAK1 FL/FL keratinocytes. In contrast, no increase of MIP2 and TNF was detected in TAK1 ⌬/⌬ keratinocytes (Fig. 5A) , even FIGURE 4. NOD2 and RICK activate TAK1. A, 293 cells were transiently transfected with FLAG-tagged RICK or NOD2. 48 h after transfection, whole cell extracts were prepared and subjected to immunoblotting (IB) using phospho-TAK1 (Thr-187), TAK1, and FLAG antibody. Asterisk indicates degraded forms of FLAG-NOD2. Wild-type RICK migrated as a smear because of its autophosphorylation. B, TAK1 FL/FL keratinocytes were stimulated with MDP (10 g/ml) for the indicated times, and whole cell extracts were prepared and subjected to immunoblotting using phospho-TAK1 (Thr-187) or TAK1 antibody. Asterisk indicates a nonspecific band. All results are representative of three independent experiments.
FIGURE 5. TAK1 is essential for the NOD2-RICK pathway in keratinocytes.
A, TAK1 FL/FL or ⌬/⌬ keratinocytes were infected with retrovirus carrying NOD2 or RICK. After puromycin selection, RNAs were isolated and used for quantitative real-time PCR. mRNA levels were normalized with the levels of glyceraldehyde-3-phosphate dehydrogenase. Relative mRNA levels were calculated using those of the vector virus-infected TAK1 FL/FL or TAK1 ⌬/⌬ as base lines. Data are means of duplicate samples and are representative of three independent experiments with similar results. B, the levels of overexpressed NOD2 or RICK in TAK1 FL/FL and ⌬/⌬ keratinocytes were examined by immunoblotting (IB). FIGURE 3. NOD2 and RICK interact with TAK1. A, 293 cells were transiently transfected with FLAG-tagged TAK1 along with HA-tagged NOD2 or an equal amount of empty vector. HA-NOD2 was immunoprecipitated, and immunoprecipitates (IP) and whole cell extracts (WCE) were analyzed by immunoblotting (IB) (left panels). The interaction was confirmed by reciprocal co-immunoprecipitation assay (right panels). B, 293 cells were transiently transfected with FLAGtagged RICK along with HA-tagged TAK1 or an equal amount of empty vector. TAK1-RICK interaction was tested as described above. C, HT-29 cells were treated with MDP (10 g/ml) for 6 h or left untreated, and whole cell extracts were immunoprecipitated with anti-RICK antibody or the same amount of control IgG. The immunoprecipitates were analyzed by immunoblotting.
though the levels of NOD2 or RICK expression were similar in TAK1 FL/FL and ⌬/⌬ keratinocytes (Fig. 5B) . Collectively, these results confirm that TAK1 is an essential downstream effector of NOD2-RICK signaling to induce innate immune responses.
TAK1 Regulates NOD2 Expression-It is known that the amount of NOD2 is up-regulated by various stimuli including bacterial components in epithelial cells. Such up-regulation of NOD2 results in amplification of the NOD2 signaling, which is probably important for effective responses against bacterial invasion (15, 35) . Because TAK1 plays important roles in MDP signaling, we hypothesized that TAK1 could be responsible for induction of NOD2. The levels of NOD2 mRNA in TAK1 FL/FL and ⌬/⌬ keratinocytes in response to MDP were examined. We found that MDP could up-regulate NOD2 in TAK1 FL/FL but not in TAK1 ⌬/⌬ keratinocytes (Fig. 6) . Thus, TAK1 is involved not only in NOD2-induced expression of cytokines/ chemokines but also in the induction of NOD2 upon MDP stimulation.
DISCUSSION
In this study, we determined the role of TAK1 in NOD2 signaling using TAK1 wild-type and mutant keratinocytes as model cells. Based on our results, we propose a model of NOD2 signaling and regulation (Fig. 7) . Upon MDP stimulation, NOD2 oligomerization induces assembly of a signaling complex including RICK and TAK1, which subsequently facilitates TAK1 autophosphorylation and its activation. TAK1 in turn activates both NF-B and MAPK pathways leading to induction of innate immune responses. In addition, the TAK1 pathway up-regulates the level of NOD2, which further amplifies NOD2 signaling. Thus, TAK1 is a master regulator of NOD2 signaling in epidermal cells.
Recent studies have shown that K63-linked polyubiquitination of signaling molecules is involved in TAK1 activation in IL-1, TNF, and TLR signaling (36) . Stimulation of IL-1 receptor or Toll-like receptors leads to the activation of TNF receptorassociated factor 6 (TRAF6) E3 ubiquitin ligase, which induces K63-linked auto-polyubiquitination of TRAF6. The ubiquitinated TRAF6 is recruited to TAK1 complex containing a TAK1 binding protein, TAB2 or TAB3, through the interaction of the polyubiquitin chain with TAB2/3 (37, 38) . This interaction is believed to induce TAK1 autophosphorylation at Thr-187 and its kinase activation in IL-1 and TLR signaling. Therefore, it is likely that TRAF-mediated K63-linked polyubiquitination and TAB2/3 participate in TAK1 activation in NOD2 signaling. During review of this manuscript, Abbott et al. (39) reported that NOD2 signaling induces polyubiquitination of TRAF6. However, knockdown of TRAF6 did not impair NOD2-mediated NF-B activation (39) . We found that MDP could up-regulate MIP2 and TNF in TAB2-deficient keratinocytes in a manner similar to that observed in wild-type keratinocytes (data not shown). Collectively, the results suggest that multiple TRAF family proteins, as well as TAB2 and TAB3, function to activate TAK1 in NOD2 signaling. Further studies are needed to define the molecular mechanism by which TAK1 is activated in NOD2 signaling.
The response of keratinocytes to MDP was somewhat unexpected in that epithelial cells in general including keratinocytes and enterocytes do not respond effectively to bacterial components. In our hands, keratinocytes did not respond to LPS at all. Because epithelial cells are constantly exposed to commensal bacteria, TLR signaling would be always activated if the cells could respond to LPS and other bacterial components. Therefore, this extremely low sensitivity of epithelial cells to TLR ligands is thought to be important for preventing dysregulated inflammation by commensal bacteria (40) . MDP, a moiety of peptidoglycan, is a common component of Gram-positive and -negative bacteria including commensal bacteria located in the skin and the intestine. However, unlike TLR ligands, peptidoglycan needs to be incorporated into the cells and digested into MDP to be recognized by NOD2. These processes may reduce bacterium-induced innate immune responses in epithelial cells, but they may be sufficient and important to induce basal levels of cytokines/chemokines to maintain epithelial homeostasis. 
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MDP is a less potent inducer of cytokines/chemokines than TLR ligands including LPS in monocytes/macrophages (41) . In contrast, we found that MDP is the most potent inducer of cytokines/chemokines in keratinocytes among the tested stimuli including LPS, TNF, IL-6, and IL-1␤ (data not shown). IL-1␤ and TNF can induce activation of NF-B and JNK in keratinocytes in a transient manner peaking the response 10 -30 min poststimulation, whereas MDP activates the same TAK1-dependent pathways in a prolonged manner lasting at least 6 h after stimulation (Fig. 2) , which is associated with induction of TNF and MIP2 at high levels. 3 Although NOD2 is expressed in both monocytes/macrophages and epithelial cells, it is thought that because the levels of NOD2 are generally low in epithelial cells, NOD2 may not play a major role in epithelial cells (42) . However, our results raise the possibility that MDP-NOD2 signaling represents a major pathway of innate immune responses in keratinocytes.
We have shown previously that TAK1 deletion in keratinocytes results in ablation of cytokine/chemokine expression in response to inflammatory stimuli such as IL-1␤ and TNF (30) . In this study, we showed that MDP-induced cytokines/chemokines are also abolished in TAK1-deficient keratinocytes. According to these results, we speculated that ablation of TAK1 would have a negative effect on inflammation in epithelial tissues. However, to our surprise, mice with epidermis-specific deletion of TAK1 develop severe inflammatory conditions in skin at early neonatal stages (30) . Thus, lack of TAK1 signaling that mediates NF-B and MAPK signaling is associated with increased inflammation, which is similar to that observed in the loss-of-function mutants of NOD2 that are associated with Crohn disease. A number of studies using culture cells in vitro have demonstrated that NOD2 mediates proinflammatory signaling; however, the loss-of-function mutations of NOD2 are associated with inflammatory diseases in vivo in humans (21) (22) (23) . These suggest that the NOD2-TAK1 signaling is important for the cell autonomous inflammatory signaling in epithelial cells, which appears critical for preventing dysregulated inflammation under the in vivo environment. Why and how does cell autonomous inflammatory signaling in epithelial cells prevent overall inflammation? Medzhitov and colleagues (43) have demonstrated that depletion of commensal bacteria causes hypersusceptibility to epithelial injury. When the commensal bacteria are depleted or not recognized, mice develop severe inflammatory conditions upon injury. They have concluded that basal levels of cytokines/chemokines and possibly antibacterial peptides, which are induced by commensal bacteria under normal steady-state conditions, are essential for preventing dysregulated inflammation. The NOD2-TAK1 pathway may be involved in this steady-state epithelial homeostasis. Indeed, susceptibility to bacterial invasion is significantly increased in NOD2 Ϫ/Ϫ mice, and production of antibacterial peptides in the intestine is reduced by NOD2 deletion (17) . In conclusion, we propose that TAK1-mediated innate immune pathways including NOD2 pathway recognize commensal bacteria and function to maintain the basal levels of cytokines/ chemokines under normal conditions, which is essential for epithelial homeostasis and for preventing bacterial invasion and subsequent dysregulated inflammation.
Similar to the TAK1 mutant skin, epithelium-specific ablation of NF-B pathway causes severe inflammation in the skin as well as in the intestine (44, 45) . Therefore, NOD2-TAK1-NF-B may be a major pathway to prevent dysregulated inflammation in the skin and possibly in the intestine. However, whereas ablation of TAK1 or NF-B alone causes severe inflammatory conditions (30, 44, 45) , NOD2 knock-out alone does not cause inflammation under normal conditions in mice (17, 46) . We assume that this difference is because TAK1-NF-B participates in multiple signaling pathways activated by TLR ligands and proinflammatory cytokines, TNF and IL-1, whereas NOD2 is involved only in the MDP pathway. Interestingly, deletion of TNF receptor I can rescue the inflammatory phenotypes in the all NF-B mutants and TAK1 mutant mice (30, 44, 45) , indicating that TNF is the major mediator of inflammation caused by dysfunction of TAK1-NF-B signaling. In humans, inhibition of TNF is one of the most effective treatments of Crohn disease. This leads us to speculate further that the pathology of Crohn disease may be associated with dysregulation of the TAK1-NF-B pathway in epithelial cells. Our results warrant further study to determine the relationship between the TAK1 pathway and the pathogenesis of Crohn disease.
